Introduction
Nanowires are promising candidates for future nanoscale electronic devices. Silicon nanowires can be grown using the vapor-liquid-solid method [1] , and prototype devices have included bipolar [2] and field-effect transistors [3] , solar cells [4] , sensors [5] , and nonvolatile memories [6] . This diversity of applications has motivated numerous theoretical studies, for instance on the electronic structure of bare and passivated nanowires [7] , dopants [8, 9] , and transport [10] . An excellent overview of the experimental and theoretical state of the art can be found in the review by Rurali [11] .
Most of the applications require doping, and the understanding of the behavior of dopants in nanowires is still incomplete. The present paper addresses the electronic structure of doped hydrogen-passivated Si nanowires as a function of dopant concentration and type of dopants. We focus on B as an acceptor and P as a donor dopant, both widely used to dope Si.
A key characteristic of dopant impurities is their deep or shallow nature. In general it is very difficult to known a priori if an atomic defect will be shallow or deep. Comparison with the same defect in different materials, combined with a knowledge of the absolute location of the valence and conduction band can give some indication. For example, it was found that hydrogen-related defect levels line up in a wide variety of materials [12] . The standard theoretical approach to examine this explicitly in the case of dopants in bulk semiconductors is by considering the different possible charge states as function of the possible Fermi levels [13] . For a donor, the relevant charge states are positive and neutral (all of our discussions apply equally well to acceptors, mutatis mutandis). If the trans ition from the positive to the neutral charge state occurs for Fermi levels above the conduction-band minimum (CBM), the donor is 'shallow'. In that case, the neutral charge state (in which the electron would be bound tightly to the impurity center) is not stable and the electron is transferred to the conduction band. Of course, at sufficiently low temper ature the electron can still be bound to the positively charged ionized donor center, also called a 'hydrogenic effective mass' state [14] , but this state consists almost entirely of host wave functions, as is evident from the description in effective mass theory [14] . The actual impurity state of a shallow donor (with a wave function localized on the impurity itself) is well above the CBM, i.e. a resonance in the conduction band, and therefore difficult to identify either computationally or experimentally.
Computational studies of doped nanostructures typically do not address the distinction between the hydrogenic effective mass state and the actual impurity state, leading to much confusion. Misleading language, such as 'impurity band' or 'defect level' (e.g. for Si nanowires [15] [16] [17] ), and figures depicting band structures of doped nanostructures (e.g. [17] [18] [19] [20] [21] [22] [23] ) seemingly showing an 'impurity band', contribute to this confusion. While these examples are for Si nanowires, this confusion also occurs for other doped lower-dimensional systems. In this paper we address this common misconception explicitly, using the example of doped Si nanowires and with state-of-the-art electronic structure methods.
Effective mass theory (EMT) provides an intuitive picture for the binding of electrons to shallow donors, showing a series of hydrogenic states below the band edge. However, EMT itself describes the states only in terms of properties of the host (effective mass and dielectric constant) and cannot distinguish between different donor impurities. If a more accurate description of the shallow state is required, for instance to predict the ionization energies associated with different dopant impurities, more sophisticated techniques have to be employed. Density functional theory (DFT) in principle provides such information, but in practice the extended states associated with shallow dopants cannot be adequately described within the volume of computationally tractable supercells, e.g. a tight-binding study of P in bulk Si showed that cells with 125 000 atoms were required to encompass the extended states and to converge the binding energy [24] .
However, in low-dimensional systems such as nanowires, there are two effects, occurring simultaneously, that can make the extended states more localized: quantum confinement and dielectric confinement. Quantum confinement (due to the confining potential of the surrounding vacuum region) is correctly accounted for in all DFT calculations. Dielectric confinement, which in a macroscopic picture is caused by the mismatch of the dielectric constant inside and outside the nanowire, gives rise to image polarization charges on the surface. In a microscopic picture a similar effect should be contained in the exchange-correlation potential of DFT. This effect increases band gaps and can localize extended states [25] [26] [27] . Dielectric confinement is present even in nanowires with larger diameters (e.g. >20 nm) for which the effect of quantum confinement is negligible, and has been observed experimentally [28] in these large diameter nanowires. Conventional DFT functionals, such as the local density approximation (LDA) and the generalized gradient approximation (GGA), do not describe this effect; hybrid functionals are expected to capture it partially [29] . Many-body perturbation theory (such as the G 0 W 0 approach), on the other hand, is capable of fully describing dielectric confinement. A tight-binding approach that included both di electric and quantum confinement [27] observed an increase in the ionization energy of P impurities with decreasing diameter of Si nanowires. Nanowires are therefore a good test system to reveal the EMT behavior of shallow impurities.
In this paper we will focus on atomic shallow impurities, which can be described by EMT, and where the actual impurity state is in the conduction band for donors and in the valence band for acceptors. In case the actual impurity state, with the wave function localized on the defect, occurs in the band gap (e.g. as happens in N/B doped Si nanoribbons [23] ), the impurity is not shallow, but deep. Low-dimensional systems can also be doped by the physisorption or chemisorption of molecules on the surface [30] , which can lead to different behavior that is not the subject of this paper.
Methodology
Here we use state-of-the art DFT and G 0 W 0 calculations to elucidate the behavior of P and B dopants in Si nanowires. Our DFT calculations are performed using projector augmented-wave pseudopotentials [31] with a plane-wave basis, as implemented in the vasp code [32] . A plane-wave cutoff of 255 eV and a 1 1 20 × × k-point grid for the smallest unit cell (and equivalent k-point sampling for the larger unit cells) was used. All cells were fully relaxed so that the forces are smaller than 5 meV Å −1 and the stress smaller than 50 meV Å 3 − .
In a study focused on band structure it is important to use a DFT functional that accurately describes the electronic structure and is not subject to the band-gap error associated with conventional (semi-)local functionals. We therefore used the HSE06 [33, 34] hybrid functional which mixes in 25% of Hartree-Fock exact exchange; this produces a band gap for bulk Si of 1.16 eV. The results reported here do not depend on the choice of hybrid functional, as we checked explicitly with the crystal code [35] by also employing the B1-WC hybrid functional [36, 37] , which mixes the generalized gradient approximation of Wu and Cohen [38] with 16% of Hartree-Fock exact exchange within the B1 scheme [39] . In each case, the atomic structure was fully relaxed at the hybrid functional level.
Our G 0 W 0 calculations used the abinit code [40, 41] . A Coulomb potential cutoff [42] was applied to remove the spurious long-range Coulomb interaction between the periodic images, so that convergence with respect to the cell size and k-point grid can be achieved. An extrapolar scheme [43] was used to aid in the convergence with respect to the number of bands included. To obtain the dielectric function we used a 1 1 30 × × (1 1 14 × × for the largest supercell) q-point sampling and a total number of empty bands equal to 10 times the number of occupied bands. More details about the techniques and the convergence can be found elsewhere [44] .
Results and discussion
We will focus here on a (1 1 0)-oriented hydrogenated Si nanowire with a diameter d = 1.2 nm (see figure 1 for a cross section and side view). (1 1 0) is the preferred growth direction observed in experiments for d <10 nm [45] . Since the value of the electron and hole effective mass of the undoped nanowire plays an important role in EMT, e.g. it determines the effective Bohr radius of the EMT state, we list the calculated electron and hole effective masses obtained using different functionals in table 1. The electron effective masses are very similar for the different functionals, but the hole effective masses strongly depend on the functional.
For our doping studies we place the dopant as shown in figure 1(a) , at the near-edge position that was previously found to be preferred [18] . Different dopant concentrations are modeled by changing the length of the supercell in the growth direction. The different cases are labeled by n, the number of Si unit cells per dopant atom (each with length 3.84 Å) included along the wire direction of a 1 1 × × n supercell ( figure 1(b) ).
The band structures for P-doped and B-doped wires obtained with HSE06 are shown in figure 2. The vacuum level was chosen as common zero energy level, enabling the alignment of the different band structures. Figure 2(a) shows that as the concentration of the dopant is decreased, the lowest conduction band in the P-doped case becomes separated from the other bands. Similar considerations apply to the valence band in the B-doped case ( figure 2(b) ). Note that with increasing n, folding of the Si bands occurs, as the corresponding Brillouin zone becomes n-times smaller. The x-axis scale used for the band structures is based on the reciprocal lattice vector, so that despite the decreasing Brillouin zone, the width of the plots remains the same.
The bands around the indicated Fermi levels (horizontal lines) in figure 2 show increasingly less dispersion as n increases, and it is tempting to associate them with the P and B impurity levels. A closer examination is necessary, however. In figure 3 we compare the band structure of a P-or B-doped nanowire (n = 6) with that of an undoped nanowire, calculated in the same-size supercell so that zone-folding effects are comparable. The comparison shows that the lowest conduction band, which appears separated from the other conduction bands in figure 3(b) for the P dopant case, is already present in the undoped nanowire. It results from folding of the bulk CBM near the X point. This lowest conduction band is clearly not an impurity level, but is actually part of the Si host band structure. The smaller n, the larger the perturbation of this band due to the impurity, leading to larger deviations from a pure Si band.
The presence of the dopant does cause some modifications. Degeneracies at the edge of the Brillouin zone are lifted due to the breaking of the symmetry, but that happens in the valence band as well as the conduction band. What is physically relevant is that the dispersion of the lowest conduction band is reduced in the presence of P doping, and its Fermi level is shifted to lower energy. For a neutral P atom, this lowest conduction band is occupied with one electron and thus half filled. In the dilute limit, this band would become truly flat, corresponding to the hydrogenic effective-mass state. Note that in this case the upper valence bands are also perturbed by the presence of the P dopant, but inspection of the corresponding wave functions shows that these states are nanowire states. This can also be seen from the projected density of states (PDOS), shown in figure 4(a) , where the valence bands do not contain any significant P character. Similar behavior is observed in the B-doped nanowire (figure 3(c) and PDOS in figure 4(b) ).
This PDOS also confirms that in the case of P doping the lowest conduction bands indeed have almost exclusively Si character, while P character only shows up at much higher energies (analysis of the wave functions at Γ shows P-centered states starting from 0.79 eV above the CBM, which is consistent with the PDOS of figure 4(a) ). Identifying the lowest (1 1 0), and boundaries of the 1 1 × × n supercell, where n = 1, 2, or 3. conduction band as an 'impurity band' is therefore clearly not correct. This lowest state is a level with predominantly silicon character, only slightly perturbed by the presence of the dopant, completely in accord with the concepts of hydrogenic effective mass theory [14] . The same can be observed for B doping, where the highest valence band has predominantly Si character. States with more B character start at 0.65 eV below the VBM, as indicated by the PDOS shown in figure 4 (b) and confirmed by wave function analysis.
We can now further quantify the shallow dopants by calculating the ionization energy, which is the energy required to ionize the dopant (or equivalently, the energy required by the bound hole or electron to become unbound). From our calculations we can extract a value for this ionization energy for P (B), by comparing the absolute positions of the bottom (top) of the impurity-induced band with the absolute position of the CBM (or valence-band maximum, for B) of the undoped wire. Figure 5 shows the value of the ionization energy as a function of supercell size, along with fits of the data, taking only the n = 3, 4, 5, and 6 data points, to the empirical form ula E E a n ion ion
, where a is a fitting parameter. An extrapolation to large n allows us to estimate the value in the dilute limit (E ion ∞ ), which for the P-doped wire is 0.07 eV, and for the B-doped wire, 0.13 eV. These values have a significant error bar, as for n = 6 the width of the impurity-induced band is still 0.33 eV for P and 0.14 eV for B. A measure of the error bar can be obtained by comparing the fitting results obtained by using the n = 3, 4, 5, and 6 data points with those obtained only using the n = 4, 5, and 6 data points. This gives an estimate of 0.06 eV for B and 0.005 eV for P. The calculations performed with the B1-WC functional yield similar ionization energies, to within 0.02 eV. These HSE06 results indicate that the ionization energy for P in the nanowire is modified only slightly from its value in bulk Si (0.045 eV), while for B the deviation from the bulk value (also 0.045 eV) is significantly larger. A possible explanation is that the B atom, which has a smaller ionic radius compared to Si or P, undergoes a much larger relaxation in the nanowire than in bulk Si. For P this relaxation effect is much smaller [18] .
We thus find that the ionization energies of the dopants are modified from their bulk values. Comparing explicitly for P in our 1.2 nm nanowire, Han et al [15] reported an ionization energy of ∼0.16 eV based on DFT using LDA, but using a different procedure to extract the ionization energy. Rurali et al [46] found 0.93 eV using a hybrid functional for a comparable sized nanowire, but with a different (center) location of P.
As mentioned before, dielectric confinement is inadequately described by DFT; the hybrid functional partially captures the effect since it includes a fraction of exact exchange. Niquet et al [29] suggested that the fraction of the interaction captured by the hybrid functional would correspond to the percent age of exact exchange included in the functional, which is 25% in our case. Figure 6 shows the results obtained from this extrapolation based on the fraction of exact exchange; it leads to an ionization energy of 0.25 eV for P and 0.37 eV for B. The earlier LDA results [15] do not include any of this effect, while the hybrid functional of Rurali et al [46] included a fraction (12%) of the effect. Diarra et al [27] used a different approach: they employed tight binding and included the di electric confinement based on macroscopic electrostatics. They found an ionization energy of 1.25 eV, but (as acknowledged by Diarra et al) the electrostatic approach may not be valid for small-diameter nanowires.
We therefore performed G 0 W 0 calculations, which include the full effect of the dielectric confinement. This allows us to explicitly test the accuracy of the scheme based on extrapolation of the fraction of exact exchange, and also to check the accuracy of the tight-binding + macroscopic electrostatics approach. We performed the G 0 W 0 calculations for n = 2, n = 3, and n = 4 P-doped nanowires. The results are shown in figure 6 , along with a fit that leads to an ionization energy of 0.61 eV in the dilute limit. These results show that the dielectric confinement effect is indeed important, and not fully captured by the hybrid functional calculations. The 'HSE06 + extrapolation' approach yielded a value of 0.25 eV, significantly underestimating the full result. On the other hand, our G 0 W 0 result is much smaller than the tight-binding result [27] of 1.25 eV, indicating that macroscopic electrostatics does not adequately describe small-diameter nanowires.
Conclusion
In summary, we performed an ab initio study of the nature of B and P dopants in Si nanowires. In the process, we were able to elucidate fundamental mechanisms that are less easily examined in bulk, and that have frequently been misunderstood in previous work. The introduction of a dopant causes a band to appear near the valence-or conduction-band edge, but this state is not strongly localized on the impurity; rather, it corresponds to the shallow-dopant-induced hydrogenic state familiar from effective mass theory. We also showed the importance of dielectric confinement in low-dimensional systems: G 0 W 0 calculations capture this effect, while hybrid functionals (even with extrapolation) or macroscopic electrostatic approaches provide a poor description. 
